To trace the origin of time-reversal symmetry breaking (TRSB) in Re-based superconductors, we performed comparative muon-spin rotation/relaxation (µSR) studies of superconducting noncentrosymmetric Re 0.82 Nb 0.18 (T c = 8.8 K) and centrosymmetric Re (T c = 2.7 K). In Re 0.82 Nb 0.18 , the low-temperature superfluid density and the electronic specific heat evidence a fully-gapped superconducting state, whose enhanced gap magnitude and specific-heat discontinuity suggest a moderately strong electron-phonon coupling. In both Re 0.82 Nb 0.18 and pure Re, the spontaneous magnetic fields revealed by zero-field µSR below T c indicate time-reversal symmetry breaking and thus unconventional superconductivity. The concomitant occurrence of TRSB in centrosymmetric Re and noncentrosymmetric ReT (T = transition metal), yet its preservation in the isostructural noncentrosymmetric superconductors Mg 10 Ir 19 B 16 and Nb 0.5 Os 0.5 , strongly suggests that the local electronic structure of Re is crucial for understanding the TRSB superconducting state in Re and ReT . We discuss the superconducting order parameter symmetries that are compatible with the observations. Time reversal and spatial inversion are two key symmetries which influence at a fundamental level the electron pairing in the superconducting state: on the one hand, a number of unconventional superconductors exhibit spontaneous time-reversal symmetry breaking (TRSB) on entering the superconducting state; on the other hand, the absence of inversion symmetry above T c leads to an antisymmetric spin-orbit coupling (SOC), lifting the degeneracy of the conduction-band electrons and potentially giving rise to a mixed-parity superconducting state [1, 2] [18] , TRSB below T c is concomitant with an existing lack of crystal inversion symmetry. Such an unusually frequent occurrence of TRSB among the superconducting ReT binary alloys (T = transition metal) is rather puzzling. Its persistence independent of the particular transition metal, points to a key role played by Re. To test such a hypothesis, and to ascertain the possible relevance of the noncentrosymmetric structure to TRSB in Re-based NCSC, we proceeded with a twofold study. On one hand we synthesized and investigated another Re-based NCSC, Re 0.82 Nb 0.18 . On the other hand, we considered the pure Re metal, also a superconductor, but with a centrosymmetric structure.
To trace the origin of time-reversal symmetry breaking (TRSB) in Re-based superconductors, we performed comparative muon-spin rotation/relaxation (µSR) studies of superconducting noncentrosymmetric Re 0.82 Nb 0.18 (T c = 8.8 K) and centrosymmetric Re (T c = 2.7 K). In Re 0.82 Nb 0.18 , the low-temperature superfluid density and the electronic specific heat evidence a fully-gapped superconducting state, whose enhanced gap magnitude and specific-heat discontinuity suggest a moderately strong electron-phonon coupling. In both Re 0.82 Nb 0. 18 and pure Re, the spontaneous magnetic fields revealed by zero-field µSR below T c indicate time-reversal symmetry breaking and thus unconventional superconductivity. The concomitant occurrence of TRSB in centrosymmetric Re and noncentrosymmetric ReT (T = transition metal), yet its preservation in the isostructural noncentrosymmetric superconductors Mg 10 Ir 19 B 16 and Nb 0.5 Os 0. 5 , strongly suggests that the local electronic structure of Re is crucial for understanding the TRSB superconducting state in Re and ReT . We discuss the superconducting order parameter symmetries that are compatible with the observations. Time reversal and spatial inversion are two key symmetries which influence at a fundamental level the electron pairing in the superconducting state: on the one hand, a number of unconventional superconductors exhibit spontaneous time-reversal symmetry breaking (TRSB) on entering the superconducting state; on the other hand, the absence of inversion symmetry above T c leads to an antisymmetric spin-orbit coupling (SOC), lifting the degeneracy of the conduction-band electrons and potentially giving rise to a mixed-parity superconducting state [1, 2] . Some noncentrosymmetric superconductors (NCSC), such as CePt 3 Si [3] , CeIrSi 3 [4] , Li 2 Pt 3 B [5, 6] , and K 2 Cr 3 As 3 [7, 8] , exhibit line nodes in the gap, while others such as LaNiC 2 [9] and (La,Y) 2 C 3 [10] , show multiple nodeless superconducting gaps. In addition, due to the strong influence of SOC, their upper critical field can greatly exceed the Pauli limit, as has been found in CePt 3 Si [11] and very recently in (Ta,Nb)Rh 2 B 2 [12] .
In general, TRSB below T c and a lack of spatial-inversion symmetry of the crystal structure are independent events. Yet, in a few cases, such as in LaNiC 2 [13] , La 7 Ir 3 [14] , and, in particular, in the Re-based compounds Re 6 Zr [15] , Re 6 Hf [16] , Re 6 Ti [17] , and Re 24 Ti 5 [18] , TRSB below T c is concomitant with an existing lack of crystal inversion symmetry. Such an unusually frequent occurrence of TRSB among the superconducting ReT binary alloys (T = transition metal) is rather puzzling. Its persistence independent of the particular transition metal, points to a key role played by Re. To test such a hypothesis, and to ascertain the possible relevance of the noncentrosymmetric structure to TRSB in Re-based NCSC, we proceeded with a twofold study. On one hand we synthesized and investigated another Re-based NCSC, Re 0.82 Nb 0. 18 . On the other hand, we considered the pure Re metal, also a superconductor, but with a centrosymmetric structure.
A comparative study by means of muon-spin relaxation and rotation (µSR) allows us to address the question of TRSB in Re-containing compounds. The choice of µSR as the preferred technique for our study is justified by its key role in detecting TRSB in numerous unconventional superconductors [13] [14] [15] [16] [17] [18] [19] [20] (later confirmed by Kerr effect or bulk magnetisation in the cases of Sr 2 RuO 4 , UPt 3 and LaNiC 2 [21] [22] [23] ). We report systematic µSR studies of Re 0.82 Nb 0.18 (T c = 8.8 K) and Re (T c = 2.7 K), whose bulk superconducting properties were characterized by magnetic, transport, and thermodynamic measurements. The µSR data show that spontaneous magnetic fields appear below the respective transition temperatures, thus implying that the superconducting states of both Re 0.82 Nb 0.18 and Re show TRSB and have an unconventional nature. Since pure Re is centrosymmetric, this implies that the noncentrosymmetric structure is not a requirement for TRSB in these materials.
Polycrystalline Re 0.82 Nb 0.18 samples were prepared by arc melting Re and Nb metals and the same Re powder was used for measurements on elementary Re. The x-ray powder diffraction measured using a Bruker D8 diffractometer, confirmed the α-Mn structure of Re 0.82 Nb 0.18 (I 43m) and the hcp-Mg structure of Re (P6 3 /mmc) [24] [25] [26] [27] [28] [29] [30] . Magnetic susceptibility, electrical resistivity, and specific-heat measurements were performed on a 7-T Quantum Design Magnetic Property Measurement System and a 9-T Physical Property Measurement System. The µSR measurements were carried out on both the MuSR instrument of the ISIS pulsed 
muon source (UK) [31] , and the GPS and LTF spectrometers of the πM3 beamline at the Paul Scherrer Institut, Villigen, Switzerland. The magnetic susceptibility was determined using both field-cooled (FC) and zero-field-cooled (ZFC) protocols. As shown in Fig. 1(a)-(b) , the splitting of the two curves is typical of type-II superconductors, with the ZFC-susceptibility indicating bulk superconductivity with T c = 8.8 K for Re 0.82 Nb 0.18 and 2.7 K for Re. The bulk superconductivity of Re 0.82 Nb 0.18 was further confirmed by electrical resistivity and specific-heat data [24] . To perform transverse-field muon-spin rotation (TF-µSR) measurements of superconductors, the applied field should exceed the lower critical field µ 0 H c1 , so that the additional field-distribution broadening due to the flux-line lattice (FLL) can be determined from the depolarization of the µSR asymmetry. To determine µ 0 H c1 , the field-dependent magnetization M (H) was measured at various temperatures below T c , as shown in Fig. 1(c) 
, which yield estimates of lower critical fields of 6.4(1) mT and 3.7(2) mT in Re 0.82 Nb 0.18 and Re, respectively.
The TF-µSR measurements allowed us to explore the nature of superconductivity in Re 0.82 Nb 0.18 at a microscopic level. The optimal field value for such experiments (above H c1 ) was determined via preliminary field-dependent µSR measurements at 1.5 K [24]. Figure 2(a) shows two representative TF-µSR spectra collected above and below T c in an applied field of 15 mT. In the superconducting mixed state, the faster decay of muon-spin polarization reflects the inhomogeneous field distribution due to the FLL. The corresponding TF spectra are described by:
Here P s and P bg represent the muon-spin polarization for muons implanted in the sample and sample holder, respectively, with the latter not undergoing any depolarization. γ µ = 2π × 135.53 MHz/T is the muon gyromagnetic ratio, B s and B bg are the respective local fields sensed by implanted muons in the sample and sample holder, φ is the initial phase, and σ is a Gaussian relaxation rate. In the superconducting state, the Gaussian relaxation rate includes contributions from both the FLL (σ sc ) and a temperatureindependent relaxation due to nuclear moments (σ n ). Below T c , σ sc can be extracted after subtracting σ n in quadrature, i.e., σ sc = σ 2 − σ 2 n . Since σ sc is directly related to the magnetic penetration depth and hence the superfluid density, the superconducting gap value and its symmetry can be determined from the measured relaxation rate.
As shown in the inset of Fig. 2 (b), a clear diamagnetic shift appears below T c . At the same temperature, the formation of the FLL is apparent from the rapid increase of σ sc , in turn reflecting an increase of the superfluid density. For small applied magnetic fields [H appl /H c2 ≪ 1], the effective penetration depth λ eff can be calculated from [32, 33] : ) vs. the reduced temperature T /T c for Re 0.82 Nb 0.18 . Clearly the temperature dependence of the superfluid density is highly consistent between PSI and ISIS, and well described by an s-wave model with a single gap of 1.61(1) meV. By using the 15-mT data, the resulting λ(0) of 357 (3) A detailed analysis of the zero-field specific-heat data provides further insight into the superconducting properties of Re 0.82 Nb 0.18 . The electronic specific heat C e /T was obtained by subtracting the phonon contribution from the experimental data [24] . The derived C e /T was then divided by the normal-state electronic specific heat coefficient, as shown in the main panel as a function of T /T c . The solid line in Fig. 2 values [37, 38] . We also note this value is between the two values found from a two-gap analysis [39] . The specificheat jump at T c was found to be ∆C/γ n T c ∼ 1.94, i.e., larger than the conventional BCS value of 1.43, again indicating a moderately enhanced electron-phonon coupling in Re 0.82 Nb 0. 18 .
The key goal of the present work is to probe a possible TRSB in Re 0.82 Nb 0.18 and in pure Re. To this aim we performed detailed zero-field muon-spin relaxation (ZF-µSR) measurements. Normally, in the absence of external fields, the onset of superconductivity does not imply changes in the ZF muon-spin relaxation rate. However, in presence of TRSB, the onset of a tiny spontaneous polarization or currents gives rise to associated (weak) magnetic fields, readily detected by ZF-µSR as an increase in muon-spin relaxation rate. Given the tiny size of such effects, we measured the ZF-µSR both above T c and inside the superconducting phase. Representative ZF-µSR spectra collected above and below T c for Re 0.82 Nb 0. 18 and Re show measurable differences [see Fig. 3 (a)-(b)]. To exclude the presence of stray magnetic fields, all magnets were quenched before the measurements and an active compensation system was used. In non-magnetic materials in the absence of applied fields, the relaxation is determined primarily by the randomly oriented nuclear dipole moments, normally described by a Gaussian Kubo-Toyabe relaxation function [40, 41] . In our case, the ZF-µSR spectra are well described by a combined Lorentzian and Gaussian Kubo-Toyabe relaxation function:
Here P s and P bg are the same as in the TF-µSR spectra. As shown in the insets of Fig. 3 . This is clearly depicted in Fig. 3(c) , where we plot the estimated internal field B int as a function of the nuclear magnetic moment µ n for the ReT -NCSC. It can be seen that, B int (∝ σ int ) scales linearly with µ n , reaching 0.038 mT for Re 0.82 Nb 0.18 . At the other extreme, the line crosses the horizontal axis at µ n ∼ 2.7µ N , where σ int drops below the resolution of the µSR technique (0.01 mT). This is exactly the case for Re 3 W, whose σ int turned out to be neglible [42] .
Having detected TRSB in Re-based superconductors still leaves open the most intriguing question: what is its key ingredient? In ReT , the replacement of heavy 5d elements, such as Hf, with lighter 3d elements, such as Ti, appears to have a negligible effect on TRSB. The insensitivity of TRSB to the specific transition-metal element T suggests that a substitution at the T -sites does not significantly influence it. This is confirmed by the persistence of TRSB in elemental Re. In addition, this indicates also that a lack of inversion symmetry is inessential. Finally, there is no TRSB in the superconducting states of Mg 10 Ir 19 B 16 [43] and Nb 0.5 Os 0.5 [44] , two NCSCs isostructural to ReT and with similar SOC strengths. The above considerations strongly 
suggest that it is the local electronic structure of Re that is crucial for understanding the TRSB in the superconducting states of Re and ReT . To reinforce the above conclusion, one could study other Re-free materials with the α-Mn-type structure. TaOs, with a bulk T c of 2.07 K and the required crystal structure, represents a good example [45] .
We now discuss the possible symmetries of the superconducting order parameter. In the limit of weak SOC, TRSB can be achieved via nonunitary triplet pairing, as e.g., in LaNiC 2 [46] and LaNiGa 2 [47, 48] . More generally, the relationship between TRSB and triplet pairing is quite complex. For example, the admixed triplet component in so-called 'swave' NCSC (those whose superconducting instabilities do not break crystal point-group symmetries), such as Li 2 Pt 3 B, does not show TRSB [5] . Conversely, there are TRSB states not involving triplet pairing, e.g., the s + id singlet state proposed for some iron-based superconductors [49] . Apart from the weak-SOC nonunitary triplet pairing scenario mentioned above [46, 47] , the essential requirement for TRSB occurrence is that the point group of the crystal has irreducible representations (irreps) with dimension D > 1.
The point groups T d and D 6h relevant to ReT and Re, respectively, have several irreps with D = 2 or 3. Therefore, they can support TRSB states with singlet-, triplet-, or, in the case of ReT , admixed pairing, independent of SOC strength. In what follows, we will assume strong SOC. The full symmetry analysis and plots of the possible order parameters can be found in the Suppl. Mat.
[24]. For ReT there are a number of possible TRSB states, with some examples of pairing functions being given in Ref. 15 . However, all the possible states have symmetry-constrained point or line nodes, inconsistent with the experimental observations. In view of this, in some systems, it has been proposed that a full gap may be obtained through a Loop-Josephson-Current (LJC) state built on on-site, intra-orbital, singlet pairing. Although it has been shown that the crystal symmetry of ReT is compatible with this scenario [50] , the energetics which would drive such a state, if realized, and why it would occur only in systems with Re and not other elements, remain unclear.
The symmetry analysis of pure Re contrasts strongly that of ReT . Firstly, Re is centrosymmetric, implying that the superconducting instability can only take place in either purely-singlet or purely-triplet channels (irrespective of the strength of SOC). Secondly, due to only two distinct symmetry-related sites per unit cell, a LJC state here is not the most natural one [50] . Thirdly, the crystallographic space group is nonsymmorphic, which in principle allows superconducting instabilities that break screw-axis or glideplane symmetries. Ignoring the ones that break those symmetries, we find two possible TRSB states, one in the singlet channel with a line node at k z = 0, and another in the triplet channel, with two point nodes on the k z axis (see Suppl. Mater.
[24]). The Fermi surface of Re has five sheets, including an electron sheet centered on the Γ point and open along the k z axis and three hole sheets which are closed, centered on the L point, and not intersecting the k z = 0 plane [51] . These would be compatible with a full gap for the triplet and singlet TRSB states, respectively.
In summary, we perfomed comparative µSR studies of the noncentrosymmetric Re 0.82 Nb 0.18 and centrosymmetric Re superconductors. Bulk superconductivity with T c = 8.8 K (Re 0.82 Nb 0.18 ) and 2.7 K (Re) was characterized by magnetic and transport properties. Both the superfluid density and the zero-field specific-heat data reveal a single-gap nodeless superconductivity in Re 0.82 Nb 0.18 . The spontaneous fields appearing below T c , which increase with decreasing temperature, provide strong evidence that the superconducting states of both noncentrosymmetric Re 0.82 Nb 0.18 and centrosymmetric Re show TRSB and are unconventional. Comparisons with other Re-free α-Mn-type superconductors suggest that in the ReT family, the TRSB is crucially related to the presence of Re, a key idea for understanding the peculiar behavior of ReT superconductors. We have considered the possible symmetries of the order parameter in these systems and their compatibility with the observed fully-gapped spectrum. Further theoretical and experimental work on Re is required to clarify the open issues. 0303100 and 2016YFA0300202), the Natural Science Foundation of China (Grant No. 11474251), and the Schweizerische Nationalfonds zur Förderung der Wissenschaftlichen Forschung (SNF). The work at the University of Warwick was supported by EPSRC UK through Grant EP/M028771/1. Experiments at the ISIS Pulsed Neutron and Muon Source were supported by a beamtime allocation from STFC. SKG and JQ are supported by EPSRC through the project "Unconventional Superconductors: New paradigms for new materials" (grant references EP/P00749X/1 and EP/P007392/1). and T. Shiroka 13, 12 Crystal structure
Supplementary material to Time-reversal symmetry breaking in Re superconductors
The purity and crystal structure of both Re 0.82 Nb 0.18 and pure Re were checked via x-ray powder diffraction (XRD). No impurity phases could be detected in either sample. As shown in Fig. S1(a) , similarly to other ReT alloys, the XRD patterns of Re 0.82 Nb 0.18 can be well indexed by an α-Mn-type noncentrosymmetric structure with space group I 43m (217). On the other hand, as plotted in Fig. S1(b) , the XRD of pure Re indicates a centrosymmetric hexagonal structure with space group 
Upper critical field
As in the Re 0.82 Nb 0.18 case, also for pure Re we measured the field-dependent magnetization M (H) at various temperatures. As shown in Fig. S2, M (H In the Ginzburg-Landau theory of superconductivity, the magnetic penetration depth λ is related to the coherence length ξ, and the lower critical field via
is the quantum of magnetic flux, κ = λ/ξ is the GinzburgLandau parameter, and α(κ) is a parameter which converges to 0.497 for κ ≫ 1 [33] . By using µ 0 H c1 = 6.4 mT and ξ = 4.59 nm (calculated from µ 0 H c2 ) for Re 0.82 Nb 0.18 , the resulting λ GL = 352(3) nm is compatible with 357(3) nm, the experimental value from µSR data. The Ginzburg-Landau parameter κ ∼ 59 ≫ 1 confirms once more that Re 0.82 Nb 0.18 is a strong type-II superconductor.
Transverse-Field µSR
The optimal field value for TF-µSR experiments was determined via preliminary field-dependent µSR depolarization-rate measurements at 1.5 K (see Fig. S4 ). The corresponding TF spectra are described by the same model [Eq. (1)] used in the main text. As shown in Fig. S4(c) , the resulting Gaussian relaxation rate σ exhibits a maximum at 10 mT, close to the lower critical field value µ 0 H c1 . By considering the decrease of intervortex distance with field and the vortex-core effects, a field of 15 mT was chosen for the temperature-dependent study at PSI, while the ISIS measurements were performed in a field of 30 mT. Figure S5 shows the temperature dependence of the total, electronic, and phononic specific heat of Re 0.82 Nb 0.18 measured below 15 K in zero field. To subtract the phonon contribution from the total specific heat, the normal-state specific heat is fitted to the expression C/T = γ n + β T 2 + δT 4 , where γ n is the normal-state electronic specific-heat coefficient, whereas β and δ are the phonon specific-heat coefficients [28, 29] . From the fit shown in the inset of . The phonon contribution can hence be calculated using 
Zero-field specific heat
, which is then subtracted from the experimental data. The resulting C/T ele = C/T total −C/T phon curve (shown with red symbols in Fig. S5 ), represents the electronic specific heat. in nuclear magnetons µ N ) , muon-spin relaxation (at base temperature), calculated internal field, and superconducting parameters for α-Mn-type ReT -NCSC and the pure Re metal. The internal field is calculated using B int = 2σ int /γ µ , where σ int represents the change of muon relaxation rate between the normal and superconducting states. Except for Re 3 W, where σ int is expected to be below the resolution of the µSR technique, all the listed materials show spontaneous magnetic fields below T c .
ReT 
Zero-field µSR
The ZF-µSR data were analyzed by combined Lorentzian and Gaussian Kubo-Toyabe relaxation function [see details in Eq. (3) in the main text]. The polarization parameters P s and P bg were obtained by dividing the time-dependent asymmetry A(t) by its initial value A 0 . The initial asymmetry parameter A 0 was allowed to change with temperature, while the background signal was fixed for all the temperatures since, considering the limited temperature range of the measurements, we do not expect an appreciable change in background. The initial asymmetry of the background signal A bg (P bg = A bg /A 0 ) was determined by fits to data at base temperature and then fixed for all the temperatures. It is close to 3% of total asymmetry A 0 in Re 0.82 Nb 0.18 (PSI) and to 2% in pure Re. The reduced total asymmetry for datasets collected at PSI [see Fig. S6(a) ] reflects ZF-measurements carried out in transverse mode, i.e., with the initial muon-spin perpendicular to muon momentum, implying a loss of one third of the asymmetry. From  Fig. S6 , only the Gaussian muon-relaxation rate σ(T ) exhibits a small but distinct increase below T c , while the other parameters show a weak temperature dependence with no clear anomaly across T c . In case of pure Re powders, the data in the inset of Fig. 3(b) of the main text were fitted with a fixed Λ value of 0.003 µs for Re 0.82 Nb 0.18 and pure Re, respectively. In both cases, the derived parameters, including the asymmetry and muon-spin relaxation rate σ, are shown in Fig. S7 . Clearly, the evolution of σ with temperature remains robust in both compounds, hence implying that the spontaneous magnetic fields we detect via ZF-µR are an intrinsic effect and not a fit artifact. This is further confirmed in Fig. S8 , where we show the cross correlations between the different fit parameters. The lack of any visible trends (i.e., the lack of correlations) confirms once more the intrinsic nature of TRSB in both pure Re and Re 0.82 Nb 0.18 . 
Symmetry analysis
In this section we provide further details on the symmetry-allowed TRS-breaking order parameter in Re 0.82 Nb 0.18 and in pure Re. The Re 0.82 Nb 0.18 system has the same non-centrosymmetric bcc crystal structure as other Re 6 (Zr, Hf, Ti) materials with a symmorphic space group I43m and corresponding point group T d . A standard symmetry analysis [15] finds that both the 2D irreducible representation (irrep) and the two 3D irreps of T d support TRS breaking instabilities. Assuming strong SOC and writing the pair potential aŝ
.σ σ y , the TRS breaking instability for the 2D irrep corresponds to [15] :
This leads to a vanishing pair potential at eight symmetryrequired point nodes, given by φ = ±π/4, ±3π/4 and θ = 
Ak zx + Bk xẑ Ak zŷ + Bk yẑ arctan 2 , π − arctan 2 , as shown in Fig. S9(a) and S9(d).
Similarly, for the two 3D irreps, F 1 and F 2 , the TRS breaking pair potentials are, respectively [15] :
In both cases, the pair potential vanishes at the 'North' and 'South' poles, θ = 0 and π, and at the line nodes at the 'equator', θ = π/2, as shown in Fig. S9 (b) and S9(e) for the F 1 case and in Fig. S9 (c) and S9(f) for the F 2 case.
Pure Re
Re has a hexagonal structure with nonsymmorphic space group P6 3 /mmc (No. 194 -point group D 6h ) with two atoms per unit cell. Due to its centrosymmetric nature, this space group has separate singlet and triplet uniform superconducting instabilities. They are given by the symmetries of the factor group 194 ={P6 3 /mmc}/ ( is the group of pure primitive translations), which is isomorphic to D 6h . Hence, 194 has the 2D irreps E g and E u which, in principle, allow the TRS breaking of the order parameter by a nontrivial phase difference between the two components of a possible two-component order parameter. In general, compared to a symmorphic crystal, finding the possible forms of the gap function is complicated by the fact that the basis functions of the point group D 6h cannot simply be used as building blocks of the pairing potential. Nevertheless, it is straightforward to enumerate the pairing potentials that do not break glide-plane or screw-axis symmetries. These correspond to the D 3d subgroup of 194 , containing only its symmorphic symmetries. We note that D 3d = D 3 ⊗ i, which is the group of symmetries of an equilateral triangle. The simplest basis functions of D 3 are given in Table SIII . Clearly, D 3 does include a 2D irrep and thus allows for TRS breaking both in the singlet-(E g irrep of D 3d ) or in the triplet channel (E u irrep of D 3d ).
In this case, to compute the possible singlet ground states, we write the most general form of the order parameter just below T c , compatible with the relevant basis functions:
and then obtain a general expression of the free energy, expressed as a function of the two pairing components η 1 , η 2 , by requiring that it respects the symmetries of D 3d :
= 0) and (1, i) . The latter is the only one that breaks TRS and it gives
This corresponds to a singlet energy gap |A||k z | k 2 x + k 2 y . The low-energy excitations would thus be dominated by a line node at the 'equator', θ = π/2, and point nodes at θ = 0, π, as shown in Fig. S10(a) .
A similar procedure applied to the triplet channel gives one TRS breaking state with a d-vector:
The variation of its magnitude is shown in Fig. S10(b) . The corresponding lowest excitation energy gap is given by:
As shown in Fig. S10(c) , it has two point nodes at the 'poles', θ = 0, π, but no line nodes.
